ABSTRACT: In pursuing smaller electronic devices for advanced computer electronics, many molecular switching devices have been proposed [1][2][3][4] . Most switching proposals are based on chemical control over the molecular redox states.
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Due to the heavy computational requirement, theoretical work has been confined to electronic structure studies of small model systems like 1a and 1b by ab initio multiconfiguration self-consistent field (MCSCF) [20, 21] and density functional theory (DFT) [19] . The calculations were limited to the study of the potential energy profile of static conformations along a reaction coordinate. Here we report a theoretical study of dithienylethene derivatives as mono-molecular optical switches. We systematically address the nature of the photo-induced structural changes and ensuing conduction switching phenomena. We propose that dithienylethene molecules manifest a new kind of molecular switching mechanism. In this mechanism, the molecular switching is based on a π-conjugation pathway swapping induced by the optically controlled conformational changes. It differs from redox controlled molecular switches. The optoelectron current surge is due to distinct electron tunnelling in the molecular forbidden gap of a distinct π-conjugation pathway, differing from the traditional semiconductor based optoelectronic mechanism in which the photocurrent depends on the photoinduced excess carriers.
The frontier orbital π-path is an electronic tunnelling channel from one R-group to the other R-group ( repulsion between X-groups. The frontier orbitals become localized around the highly strained 2/2' positions. In the closed conformer, the frontier orbital is more extended and coplanar along the shown polyene chain in Fig. 1 instead of around the cyclohexadiene ring (clockwise ring from 2 to 2', right panel of Fig. 1) . In the open conformer, the sulphur's lone pair interrupts the π-channel while in the closed conformer, the sulphur's lone pair is located at the termini of the π-channel.
The photochemical ring-closure reaction follows the Woodward-Hoffman rule in symmetry-conserved conrotatory mode [22] . The conserved C 2 symmetry rotation axis is showed in Fig. 1 . The shuffling of the single-double bonds during structural transformations correlates 6 (π, π*) orbitals of hexatriene in the open conformer to 4 (π, π*) plus 2 (σ, σ*) orbitals of cyclo-hexadiene in the closed conformers as showed in the orbital correlation diagram of Fig. 2a . During the reaction, the two sets of orbitals, including the frontier HOMO and LUMO orbitals, undertake an orbital swap between the two distinct π-paths.
We simulate the ring closure reaction and orbital swapping for free molecules (without gold attached) by a direct first-principles quantum molecular dynamics calculation [23] . The photo-absorption is simulated by boosting an electron in the open molecule from HOMO to LUMO, constituting the HOMO-LUMO excitation configuration. In each time step, forces are obtained from the Hellmann-Feynman theorem and electrons follow the Born-Oppenheimer surface (details are given in Methods; dynamic movies of 1a are provided as supplementary information). The physics in this approach is that the excitation of a HOMO electron to the LUMO leads to a reduction of attraction from the χ 3 (π-bonding) orbital and an increasing of repulsion by the χ 4 (π*-antibonding) orbital (seeing Fig. 2a ). This breaks the initial doubly occupied π-bonds in favour of a π*-antibond and the system races to find a new balance in the bonding; the open conformer undergoes a structural change to stabilize the corresponding excited state surface of the closed conformer. [18, 19] . Other theoretical work indicates that the ring closure reaction is along a largely downhill direction in the energy landscape [20] ; suggesting that this reaction is not reversed spontaneously. Thus the reverse reaction of optically exciting the closed conformer to produce the open conformer is not as clearly understood. This reaction may involve more complex excitations such as multiphoton processes, which leads to breaking the σ bond from 2 to 2' [24] .
We have demonstrated that the optical switching of conformations induces the frontier orbital swapping between two distinct π-conjugation pathways. We now show that the two molecular conformers have distinct electronic transport properties when the molecule acts as a molecular wire. We construct a conceptual device, in which dithienylethene molecules are sulphur-bonded between gold electrodes in a sandwich junction. Fig. 3 gives a detailed profile of such a device. This configuration is to mimic the often used approach of scanning tunnelling microscopy [25] and has been used in our previous study of carotene [26] . In the low bias region, the molecular HOMO-LUMO gap produces a forbidden region for the conducting electrons of the metal [26] . The tunnelling current can be evaluated from the transmission function in the framework of Landauer 6 transport theory [27] [28] [29] . Previous practice of I-V curve calculations of sandwiched molecular wires has revealed that the generic I-V characteristic is determined primarily by the electronic structure of the molecule [30] .
We use the Landauer transport theory to study the I-V characteristics of sandwiched dithienylethene molecules [31] . The self-assembled monolayer (SAM) on gold surfaces is not fully understood, and there remains some controversy about the Authiolate adsorption sites [32] [33] [34] . Model calculation indicated that the current could change by more than an order of magnitude for different contact configurations [35] , although a detailed consideration of the surface bonding between sulphur and the gold surface for carotene has produced good agreement between theory and experiment [26] . To compensate for our uncertainty about the interface between dithienylethenes and the gold surface, we consider three typical contact sites: ontop, bridge and hollow sites, as indicated in Fig. 3b . DFT calculations show that the hollow site is the energetically preferred site. For a given site, the molecule can, in principle, orient along the conical surface of Fig. 3c . We assume that the molecule is tilted as an alkane SAM. For a given orientation at a given site, we choose configurations so that the molecule is symmetrically bonded between two parallel gold slabs with the surface (vertical)-S-C angle close to 110 0 as possible, the chemical surface bonding requirement [25] . I-V curves are calculated for the well-defined contacts at the three bonding sites and our attention is drawn to a systematic comparison between the two dithienylethene conformers. We expect that the first-principles calculation will reveal trends in the I-V characteristics of the two dithienylethene conformers.
The I-V curves of 1a are given in Fig. 4 [7] ).
The nature of the conduction enhancement is largely attributed to the distinct frontier orbital of the conformers. However, the two conformations also produce very distinct alignment of the metal Fermi level within the molecular HOMO-LUMO gap. ), giving an enhancement in the tunnelling current. On the other hand, the metal Fermi level is located much nearer the middle of the HOMO-LUMO
gap of the open conformer (near the branch point of the β(E) decay curve [26] ), leading to a reduction in the tunnelling current. The significant dependence of I-V curves on the contact sites reveals the exponential sensitivity of the alignment of the metal Fermi level within the HOMO-LUMO gap [26, 36] , which is self-consistently determined by the interaction between the surface bonding sulphur and the gold atoms in the contact. It has been found that the thiolate head is in sp hybridization at the ontop site and in sp 3 hybridization at the hollow site [34] . Different bonding alters the alignment, and produces an order of magnitude change in the tunnelling current. The ontop contact of the closed conformer is an example of near resonance with a resistance close to the quantum conductance, 77 µS (12.9 kΩ).
We have used model 1a to illustrate the nature of the frontier orbital swapping and the intrinsic molecular conductance. We extend the theoretical prediction to the more complex 1b and 1c (1d is discussed later), in which the R-groups are replaced by phenyl-and thienyl-rings, respectively. Table 2 shows the conduction performance can be improved by using different functional groups. The enhancement is improved dramatically in 1c. The predicted 100 times enhancement for the energetically preferred hollow-site contact can be directly compared to the recent measurement of the conduction enhancement on this molecule [7] . This prediction agrees well in the low end of the experimental enhancement range from 100 to 1000 times. This shows the theoretical ability to identify optimal candidates for molecular device design. We conclude that dithienylethene derivatives possess the desired properties of optoelectronic switches.
The observed quenching of the ring closure reaction will hinder the application of dithienylethene molecules as optoelectronic switches. Here we give an account for the quenching mechanism in the presence of gold contacts. We find in the dynamic simulation that the structural conversion is uniquely associated with the HOMO-LUMO excitation. Other direct exciting, e.g. from HOMO to LUMO+1 or from HOMO-1 to LUMO, etc. will not give the ring closure reaction. Thus the ring closure reaction quenching is equivalent to the quenching of the HOMO-LUMO excitation. The experiment gives a strong evidence of the photo absorption quenching for the open conformer on gold [7] . The life time of the excitation must be longer than the characteristic switching time (in the hundred fs). The key factor affecting the life time of the excited states is the electron transfer between the molecule and nearby metals. that the open conformer quenching mechanism is the electron transfer between the metal contact and the hole on the switching unit, a remedy to reduce the quenching is to reduce the interaction between the switching π-paths and the metal surface states. We propose model 1d to reduce the electron transfer. In 1d, we introduce alkane chains to separate the switching unit from the gold electrode. Calculations indicate that the electronic states associated with the switching unit in 1d has a sharper local density of states than in 1a, indicating less entangling between switching π-orbitals and metal surface states in 1d. This may reduce the quenching of the ring closure reaction since the electron transfer between the molecule and gold electrodes strongly depends on the overlap matrix elements between the molecular orbital and the metal states [37] . Table 2 shows that 1d still has the same switching and similar enhancement as 1a. This may provide the means to turn the one-way switch into a reversible switch.
We conclude that the unique π-electron systems make dithienylethene molecules novel mono-molecular optoelectronic switches. Our calculation shows that there exists one to two orders of magnitude conduction enhancement during the ultrafast optical switching process. Dithienylethene molecules may manifest the first conformational change-induced mono-molecular optical switch. We provide examples to tailor the performance. We address the nature of recent observed phenomena in dithienylethene mono-molecular switches. This work provides the theoretical foundation for the design of similar devices.
Methods
In general, the DFT optimised structure does not reproduce the single-double bond alternation as accurately as Hartree-Fock for conjugated system [38] . We use the Hartree-Fock relaxed molecule structures in a 6-31G basis within GAMESS [39] as the initial structure of the photo-induced dynamic simulation and in the construction of molecular devices (The dynamics simulation does not depend on the choice of the initial structure; we also achieved the same dynamics on the well-relaxed structure by Fireballs).
The main first-principles code used is Fireballs [40] , a local atomic-orbital DFT based method in the pseudo-potential local-density approximation (LDA). In this method, the Hamiltonian is constructed to simulate the photochromic dynamics and to serve as the input for the I-V curve calculation. We must emphasize that the main theoretical results are not dependent on one method, such as Fireballs. The plane-wave basis DFT method, VASP [41] and Hartree-Fock method GAMESS give the same frontier orbital characteristics of Fig. 1 . We also achieved qualitatively the same dynamics and I-V curves using another DFT code, Siesta [42] .
To simulate the photo-induced dynamics, we adopted the simple and direct approach as proposed by Fedders [43] et al., and has been successfully used in the study of light-induced phenomena of glassy systems [23] . In this approach, the photo absorption is simulated by boosting an electron from the HOMO to LUMO. The
Hellmann-Feynman force is calculated by the excited electronic configuration. The conformation is allowed to freely evolve according to the force field. Due to the ionic kinetic energy transferred from the excited electronic energy, the structural coordinate will be driven over the excited energy surface to a new relative minimum. We ignore the spin polarization and the time dependence of the exchange-correlation potential [44] .
We used the standard DFT-LDA for the perturbed system with the rationale from quasiparticle studies. Hybertsen and Louie have proven that the quasiparticle wavefunctions usually produce good overlap with the LDA results figure 1. The molecule contains C 2 symmetry along the indicated rotational axis.
The sulfur bonded to H in the R groups is used to bond the molecule to the gold electrodes for the conductance calculation after dehydrogenation. In many dithienylethene derivatives X-sites are methyl groups. The dashed lines depict the π-electron path of the conjugated systems. The distance between gold surface and sulfur is 2.42 [32] , 2.07 [33] , and 1.9 [34, 36] Å for ontop, bridge and hollow sites, respectively. c) Molecular orientation. We assume the dithienylethene can be inserted into a SAM alkane matrix tilted 30 0 as in the case of carotene [25, 26] . On a given contact site, the molecule possibly directs along a conical surface oriented 30 0 about the surface normal. 
